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Vacuolar ATPases (V-ATPases) are ATP-dependent
proton pumps that maintain the acidity of cellular
compartments. They are composed of a mem-
brane-integrated proton-translocating V0 and an ex-
trinsic cytoplasmic catalytic domain V1, joined by
several connecting subunits. To clarify the arrange-
ment of these peripheral connections and their inter-
relation with other subunits of the holocomplex, we
have determined the solution structures of isolated
EG and EGC connecting subcomplexes by small
angle X-ray scattering and the 3D map of the yeast
V-ATPase by electron microscopy. In solution, EG
forms a slightly kinked rod, which assembles with
subunit C into an L-shaped structure. This model is
supported by themicroscopy data, which show three
copies of EG with two of these linked by subunit C.
However, the relative arrangement of the EG and C
subunits in solution is more open than that in the ho-
loenzyme, suggesting a conformational change of
EGC during regulatory assembly and disassembly.
INTRODUCTION
Vacuolar ATPases (V-ATPases) are ATP-dependent proton
pumps located in inner membranes of eukaryotic cells and at
the plasma membranes of specialized cells (Forgac, 2007).
These pumps generate a proton motive force across organellar
and plasma membranes to drive a number of secondary trans-
port systems (Forgac, 2007) crucial for several biological pro-
cesses. They thus contribute to osmoregulation and pH and
ion homeostasis of the cell.
Eukaryotic V-ATPases are multiprotein complexes that con-
sist of 14 different polypeptide chains. Electron microscopy
(EM) and image analysis have provided a general outline for
the structural organization of the V-ATPase (Venzke et al.,Structure 16, 1789–1792005; Wilkens et al., 2004, 2005). The complex has a bipartite
structure consisting of a membrane-integrated V0 (subunits a,
c, c0, c00, d, e), and a cytoplasmic extrinsic V1 (subunits A–H).
Both parts are linked by a connecting region that is important
for coupling proton translocation in V0 with ATP-hydrolysis in
V1, and is involved in regulating the activity of the enzyme by re-
versible disassembly. This connecting region consists of a cen-
tral shaft (D, F, d), and multiple peripheral stator elements (C, E,
G, H, and a).
The sophisticated organization of the connecting region en-
ables a productive rotational mechanism (Hirata et al., 2003; Yo-
koyama et al., 2003), which couples ATP-hydrolysis to proton
translocation. Hydrolysis of ATP at alternate catalytic nucleotide
binding sites in V1 induces a rotational motion of the central shaft
(subunits d, D, F), which is conveyed to a ring-like structure (c, c0
and c00) in V0. This ring forms the rotating half of a proton channel
that is in contact with complementary sites in the static membra-
nous subunit-a forming the second half of the channel. The rota-
tional movement of the c-ring against subunit-a drives protons
across the membrane. To be productive, such a rotational mech-
anism requires a static connection between V1 and V0 that
prevents corotation of the two domains. In V-ATPases, subunit
a and subunits E, G, C and H all contribute to this static
connection.
The interactions between the subunits in the stator region have
been extensively probed by cross-linking studies, pull-down as-
says, yeast-two-hybrid screening as well as generation of iso-
lated stable subcomplexes. The emerging consensus is that
subunits E and G form a stable subcomplex (Tomashek et al.,
1997; Xu et al., 1999; Jones et al., 2005; Fe´thie`re et al., 2004;
Ohira et al., 2006), which is in contact with subunits C and H
(Jones et al., 2005; Fe´thie`re et al., 2005; Inoue and Forgac,
2005). In addition, the homology of subunit G with the stator
forming subunit b in F-ATPases (Supekova et al., 1996) suggests
that G contributes to the stator subdomain linking V1 to V0. How-
ever, it has been reported that both subunits E and G are present
in multiple copies in V-ATPases (Xu et al., 1999; Ohira et al.,
2006; Kitagawa et al., 2008), implying more than one peripheral
connection between V1 and V0, as supported by electron8, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1789
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Topology of V-ATPase Stator Elementsmicroscopic data of various V-ATPases (Boekema et al., 1999;
Wilkens et al., 1999, 2004;Venzke et al., 2005).
In contrast to the stator forming subunit b in the related
F-ATPases, subunits E and G do not have a membrane anchor
to support their stator role. Therefore, they require a direct or in-
direct connection to the static membrane-anchored subunit a.
This is consistent with electron microscopy data showing a series
of elongated arms parallel to the plane of the membrane which in-
terconnect several V1-binding elements (Boekema et al., 1999;
Venzke et al., 2005; Wilkens et al., 2004). The importance of the
topological arrangement of these connections lies in the regula-
tion of the enzyme by reversible disassembly and reassembly
of its functional domains. Subunits C and H play a key role in
this process, which occurs, for instance, during nutrient shortage
(Kane, 1995; Sumner et al., 1995). Subunit C is the first to disso-
ciate from the complex (Kane, 1995) whereas subunit H is re-
sponsible for silencing the ATP hydrolysis activity in the free V1
Figure 1. Purification of the V-ATPase from
S. Cerevisiae and Single Particle Analysis
(A) SDS-PAGE analysis of purified V-ATPase.
Identity of the subunits is indicated with all three
membrane subunit c labeled as c.
(B) Micrograph of the purified V-ATPase (bar =
100 nm). Insert shows a close-up view of part of
the micrograph (bar = 25 nm).
(C) Particle class averages from projection match-
ing (top row) and the corresponding reference pro-
jections (middle row) and surface representations
(bottom row) of the final volume in equivalent ori-
entations (bars = 5 nm). Spikes and protrusions
in V1 are labeled with * and , respectively. See
text for further details.
(Jefferies and Forgac, 2008), a process
necessary for avoiding wasteful energy
consumption. There is growing evidence
that phosphorylation of subunit C might
play a role in the assembly of V-ATPase
(Voss et al., 2007; Hong-Hermesdorf
etal., 2006).However, the roleof thisphos-
phorylation in regulating the activity of the
enzyme has not been clearly established.
Despite numerous efforts, the struc-
tural organization of the connecting re-
gion and the functional implications of
this organization are still not fully under-
stood. In light of the importance that this
unique arrangement might have for the
regulation of the V-ATPase, a thorough
examination of the topology of this region
is needed. We have used a combination
of small angle X-ray scattering (SAXS) of
isolated subcomplexes of the connecting
region (EG, EGC) and EM analysis of the
holocomplex to elucidate the structural
interplay of the subunits in the stator sub-
domain. The data provide new evidence
for a different conformation of the EGC-
subcomplex in solution and in the holocomplex that might play
a role in the regulation of the enzyme by reversible dissociation.
RESULTS
Purification and Image Analysis
The V-ATPase fromSaccharomyces cerevisiaewas purified by im-
munoaffinity using an HA-tag at the C terminus of subunit-a and
analyzed by single particle electron microscopy. All the subunits
are readily identified in the final preparation (Figure 1A). The pu-
rification yielded a mixture of intact V1V0-ATPase and V0 parti-
cles, which could be easily distinguished in electron micrographs
of negatively stained particles by their monolobal (V0) or bilobal
(V1V0) shape (Figure 1B). The few free V0 particles most probably
result from in vivo dissociation of the complex (Kane, 1995). Fur-
ther image analysis focused on the complete V1V0-ATPase. The
resulting map resolves V1 and the connecting region in great1790 Structure 16, 1789–1798, December 10, 2008 ª2008 Elsevier Ltd All rights reserved
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Topology of V-ATPase Stator Elementsdetail and allows accurate identification of most of the subunits
of the V-ATPase. Distinct features pertaining to the connecting
subunits are clearly visible in the class averages (Figure 1C)
and correspond to similar features previously identified in the
Neurospora crassa V-ATPase model (Venzke et al., 2005). In ad-
dition, three prominent spikes at the top of V1 are visible and ex-
tend down the side of the particle, all the way to the connecting
region (Figure 1C, stars). Random conical tilt reconstructions
(RCTRs) established the absolute hand of the 3D map (see
Supplemental Experimental Procedures available online). Al-
though it was opposite to the earlier published map of the N.
crassa V-ATPase (Venzke et al., 2005), the overall organization
of both complexes is quite similar (Figure S1). The RCTR of the
yeast V-ATPase revealed some flattening of the particle with
up to 30% compression in the direction perpendicular to the
support film. To minimize the effect of this flattening in the sub-
sequent analysis, we used only the untilted particle images
where the direction of compression is the same as the direction
of projection. As a result, the expected differences between pro-
jections of flattened V-ATPases and undistorted V-ATPases are
minimal. The final 3D map of the untilted images (Figure 1C, bot-
tom panel) has a resolution of 2.5 nm (Fourier-shell correlation
0.5; 1.9 nm at 3s; Figure S2). For simplicity, in the following sections
we will discuss the map of the V-ATPase in an orientation where the
long axis of the molecule runs vertical and V1 is at the top.
Three Peripheral Connections Contact the B Subunits
at the Top of V1
The density in V1 fits a pseudohexagonal packing, which is con-
sistent with the alternating arrangement of three A and three B
subunits (Figure 2A; Figure S3, slices 3–11). Atomic resolution
X-ray structures of homologous archae subunits A (Maegawa
et al., 2006) and B (Scha¨fer et al., 2006) were fitted in the map
of the yeast V-ATPase. Both models accounted for most of the
density except for spikes and extensions at the top and on the
side of every other subunit in V1. The most reliable fit between
the X-ray models and the density map was achieved if the B sub-
units were positioned in contact with these extensions. This is
the only orientation that allowed the fitting of the so-called non-
homologous region of subunit A into the large protrusions in the
V1 domain (Figure 2A,=). In addition, the chosen position for the
subunits of the (AB)3 catalytic head is consistent with earlier lo-
calization of subunit A by antibody labeling (Wilkens et al., 2005).
Slices through the density map in Figure S3 reveal the com-
plexity in the topology of the enzyme and simplify the under-
standing of the subunit arrangement. All three spikes at the top
of V1 (Figure 2A, *; Figure S3, slice 1,2) are structurally highly sim-
ilar and related by approximate three-fold symmetry. The exten-
sions originating from these spikes form elongated connections
parallel to the long axis of the molecule reaching all the way down
into the connecting region between V1 and V0 (Figure 2B, out-
lined; Figure S3, slices 1–14). These extensions will be referred
to as stators 1, 2, and 3. At the interface between V1 and V0, all
three stators are interconnected by elongated arms oriented par-
allel to the plane of the membrane (Figure 2B). One of these
(arm 1) is anchored in the membrane and connects stators 1
and 2. It forms an arc shielding part of the interface between
V0 and V1 (Figure S3, slices 15–18) as seen in the structure of
the V-ATPase of N. crassa (Venzke et al., 2005) (Figure S1). AStructure 16, 1789–17second arm (arm 2) is observed on top of arm 1 in contact with
stator 1. The position of arm 2 is consistent with the experimen-
tally determined position of subunit H in bovine V-ATPase (Wilk-
ens et al., 2004) (see Figure S4 for comparison). The volume of
the density matched that of the crystallographic model of subunit
H. However, the bent shape of the crystallographic model pre-
vented a perfect fit. Subunit H is composed of two domains con-
nected by a flexible tetrapeptide linker (Sagermann et al., 2001).
Figure 2. Localization of Subunits in the 3D Map of the V-ATPase
(A) A heterohexamer of subunits A (Vma1p, dark blue) and B (Vma2p, cyan)
was modeled in the V1 domain based on PDB ID 1vdz (Maegawa et al.,
2006) and 2c61 (Scha¨fer et al., 2006), respectively. The nonhomologous region
of every subunit A was fitted into the protrusions marked with=. The spikes
above the B subunits are labeled with *.
(B) Surface representations of the V-ATPase in two different orientations (bar =
2 nm). Dashed lines mark the contours of the individual arms and solid lines de-
lineate the stators. The crystal structures of subunit H (Sagermann et al., 2001),
PDB ID 1h08 (yellow), subunit C (Drory et al., 2004), PDB ID 1u7l (green) and the
C terminus of a subunit E homolog from Pyrococcus horikoshii (Lokanath et al.,
2007), PDB ID 2dma (red) were docked manually into the map. The relative ori-
entation of the two domains of subunit-H was modified.
(C) Part of a sliced 3D map of the V-ATPase structure showing the solvent ac-
cessible cavity used for fitting the c-ring equivalent of E. hirae (Murata et al.,
2005), PDB ID 2cyd (orange).
(D) Bottom view of the c-ring docked into the V0 domain. Solid lines delineate
the positions of the ring, the C-terminal membrane-integrated domain of sub-
unit a, and the detergent micelle. The dotted ring indicates the position where
the N-terminal domain of subunit-a protrudes from the membrane. The voxel
size is 5.19 A˚/pixel, calibrated with catalase crystals.98, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1791
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Topology of V-ATPase Stator ElementsBased on this reported flexibility, we fitted the X-ray structure of
subunit H into the density of arm 2 by rotating the C-terminal do-
main around the flexible linker.
The third arm connects stators 2 and 3 (Figure 2B). Together
with the adjacent part of stator 3, it has a lower density value, in-
dicative of higher mobility. Adjustment of the threshold to 1 sigma
was necessary to fill the gap and reveal the density displayed
in the 120 rotation in Figure 2B.The position of arm 3 agrees
with the localization of subunit C by antibody-labeling experi-
ments in the V-ATPase of S. cerevisiae (Wilkens et al., 2005). It
also matches the position of the knob feature in the N. crassa
V-ATPase (Venzke et al., 2005). This knob was assigned to sub-
unit C based on comparison to the structure of the A-ATPase of
Thermus thermophilus lacking a homolog of subunit C (Bernal
and Stock, 2004). A tentative fitting of the high-resolution X-ray
structure of subunit C in arm 3 was guided by the presence of
a large density connected to stator 2, which could accommodate
the foot domain of subunit C with the remainder neck and foot do-
mains filling the rest of the arm-3 density (Figure 2B) up to stator 3.
The high symmetry and structural similarity between the three
stators suggest a similar composition. Based on the reported in-
teractions and connecting roles of subunits E and G, we assume
that all three stators are formed by equivalent EG subcomplexes.
To clarify this issue, we have engineered a Flag-tag at the C ter-
minus of subunit E for localization by antibody labeling and elec-
tron microscopy (Supplemental Data). Using a classification
scheme where several small classes (7 particles/class) were
used for the class averages, we were able to detect additional
densities in the antibody-labeled sample (Figure S5) at similar
positions as in the bacterial V-ATPase (Esteban et al., 2008). In
contrast to two copies of E in the bacterial V-ATPase, the ob-
served positions are consistent with three distinct binding sites
and provide a strong support for the existence of three subunit
Es contributing to the formation of three distinct stators in eu-
karyotic V-ATPase.
V0 Has an Elongated Cross Section with
a Stain-Accessible Cavity Facing the Cytosolic Side
One of the most prominent features in V0 is a stain-accessible
cavity with a diameter of 5.6–6.0 nm underneath the central stalk
(Figure 2C). The size of this cavity fits with the internal diameter of
the c-ring equivalent k-ring of the related Enterococcus hirae
V-ATPase (Murata et al., 2005), facilitating the positioning of
the X-ray structure of the E. hirae k-ring inside our corresponding
V0 density (Figure 2C). This generated an asymmetric rim of un-
accounted density with a width of 2.5 nm on one side and
5.5 nm on the other side (Figure 2D). This rim had relatively
high density, which is often observed in image reconstructions
of membrane protein complexes with adhering detergent mi-
celles (Mellwig and Bo¨ttcher, 2003; Wilkens and Forgac, 2001);
It is therefore likely that this rim corresponds to the detergent mi-
celle. Assuming a symmetrical distribution of the micelle around
the c-ring, we can identify additional unaccounted density bulg-
ing out on one side of V0. This density, from which arm 1
emerges, most likely corresponds to the membrane-integrated
C-terminal domain of subunit a. The extrinsic N-terminal domain
of this subunit forms arm 1 at the interface between V1 and V0,
which provides the support for anchoring the peripheral stators
to the membrane.1792 Structure 16, 1789–1798, December 10, 2008 ª2008 Elsevier LEG and C Form an L-Shaped Subcomplex in Solution
Up to now, it has not been possible to crystallize any subcom-
plex of the V-ATPase. We have used SAXS to determine the
low-resolution solution structures of two of these subcomplexes
forming part of the stator domain: EG and EGC. In addition, the
experimental data from previously analyzed subunit C in solution
(Armbru¨ster et al., 2004) were incorporated in the SAXS analysis
to increase the information content of the data. The processed
SAXS patterns in Figure 3A yielded the overall parameters sum-
marized in Table 1. The molecular masses (MM) and volumes (V)
of the solute particles confirm that they are monodispersed in so-
lution, which is further corroborated by the linearity of the inner-
most data plots (Figure 3A, insert). The radii of gyration (Rg) and
Figure 3. SAXS Analysis of the EG and EGC Subcomplexes
(A) The scattering patterns (EG, filled circles; EGC, empty squares; C, open cir-
cles) with error bars and the fits computed from the ab initio models (solid
lines). The curves are appropriately displaced along the ordinate axis for better
visualization. The plot displays the logarithm of the scattering intensity as
a function of momentum transfer s = 4p sin(q)/l, where 2q is the scattering an-
gle and l is the X-ray wavelength. The Guinier plots are displayed in the insert.
(B) P(r) functions computed from the experimental X-ray scattering patterns
using the program GNOM. The scattering data for subunit C are taken from
Armbru¨ster et al. (2004)td All rights reserved
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Topology of V-ATPase Stator Elementsthe maximum dimensions (Dmax) demonstrate that all the con-
structs are extremely extended in solution, which is also evident
from the skewed profiles of the distance distribution functions
(Figure 3B) characteristic of highly elongated objects. The shape
of the EG subcomplex was determined ab initio from its scatter-
ing pattern to a resolution of 2.5 nm. EG shows a long rod-
shaped structure with a length of 18 nm and distinct thick and
narrow extremities (Figure 4A). The independently determined
ab initio model of the EGC subcomplex (Figure S6) displays
a similarly long shape corresponding to the EG moiety, and an
additional volume compatible with the shape of subunit C
(Armbru¨ster et al., 2004; Drory et al., 2004). These results indi-
cate that the structures of the EG subcomplex and subunit C
do not change significantly upon EGC complex formation. This
permitted the simultaneous use of the scattering data shown in
Figure 3A, and those from subunit C measured earlier (Armbru¨s-
ter et al., 2004), in an advanced multiphase ab initio modeling
procedure that not only provides the shape of the EGC subcom-
plex, but also depicts subunit C in this subcomplex (Figure 4B).
Subunit C, bound to the thinner end of the rod at almost a right
angle to EG, displays the characteristic bow shape observed
earlier by SAXS (Armbru¨ster et al., 2004) and confirmed by the
X-ray structure (Drory et al., 2004). The final model of EGC in
Figure 4B displays a similar overall shape to the low-resolution
models from the independent shape reconstructions
(Figure S6) of the individual subcomplexes, further confirming
the position of subunit C. The identification and orientation of
the different subunits were further validated by fitting the X-ray
structures into the shapes determined by SAXS (Figure 4B).
The high-resolution structure of the bulky C terminus of the
archae subunit E (Lokanath et al., 2007) fits at the thicker end
of the extended rod of the EG subcomplex, whereas the model
of the yeast subunit C (Drory et al., 2004) fits into the bow-shaped
structure lying at the opposite narrower end of this rod.
The Structure of EGC in Solution Differs
from the Structure in the V-ATPase
To determine the positions of subunits E, G and C in the context
of the holocomplex, the SAXS structures of both the EG and EGC
subcomplexes were fitted into the density map of the V-ATPase
(Figure 4C). Guided by the characteristic long and narrow rod
shape of the EG subcomplex and by its bulky slightly curved ex-
tremity, we have assigned the three proposed stators to the EG
subcomplex. In this orientation, the thicker part of the EG shape
would correspond to the C terminus of E filling the spikes above
Table 1. Structural Parameters Derived from the Experimental
SAXS Data
Subunits Rg, nm Dmax, nm MM, kDa MMth, kDa Vp, nm
3 c
EG 5.2 ± 0.2 21 ± 2 40 ± 4 44 95 ± 5 1.14
EGC 7.7 ± 0.3 26 ± 2 96 ± 9 86 200 ± 10 1.07
C 3.7 ± 0.1 12 ± 1 51 ± 4 42 100 ± 5 1.15
Rg, MM, Dmax and Vp are, respectively, the radius of gyration, molecular
mass, maximum size and excluded volume, calculated from the scatter-
ing data. MMth is the MM of the monomeric species computed from the
primary structure. X is the discrepancy between the experimental data
and the MONSA fits displayed in Figure 4. The data for subunit C are
taken from Armbru¨ster et al. (2004).Structure 16, 1789–179the B subunits in V1, whereas the rest of the rod would fit into an
unaccounted density extending down the side of all three B sub-
units. At the interface between V1 and V0, the remaining part of
the EG subcomplex protrudes into the connecting region, mak-
ing several contacts to the different arms.
The lack of absolute handedness to the SAXS-derived struc-
ture allows the EGC subcomplex to equally fit stator 2 or 3. Re-
gardless of whether it was positioned in either of these resulted
in a similar orientation of subunit C with one domain connected
to the stator and the other domain pointing away from the
complex, distant from any other potential interacting partner
(Figure 4C). A simple rotation around the EG long axis would not
allow a better fit because the bulky C terminus of EG would stick
out of the EM scaffold. In addition, the angle between EG and C in
the SAXS-derived shape is not compatible with the angle be-
tween the arm 3 and stator densities and prevents the superimpo-
sition of the two volumes. In order for subunit C to fit in its assigned
density (arm 3, yellow meshed density in Figure 4C) in the holoen-
zyme, it would need to be twisted relative to the EG subcomplex
around a virtual hinge at the point of contact between EG and C.
To verify that a less open conformation of the EGC subcomplex,
compatible with the orientation proposed from the EM volume,
can be excluded by the SAXS data, we computed a theoretical
scattering curve of EGC after fitting subunit C into the density of
arm 3, and compared it to the experimental scattering curve.
The comparison presented in Figure S8 shows significant devia-
tions from the experimental SAXS data for the EGC subcomplex
in solution. The discrepancy increases dramatically to c = 4.2
compared with c= 1.1 (Table 1) for the SAXS model in
Figure 4B. This comparison clearly indicates that the more com-
pact configuration of the EGC subcomplex in the assembled
V-ATPase is not compatible with the experimental data. This im-
plies that the isolated EGC subcomplex has a conformation in so-
lution that isdifferent from the one in the holoenzyme.Twistingsub-
unit C to make it connect to a neighboring stator would allow the
formation of an EG-C-EG stator. Such a conformation is in agree-
ment with the length of subunit C (100 A˚), which coincides ap-
proximately with the distance between two EG stators (Figure 2B).
DISCUSSION
We have presented the first 3D map of the negatively stained
V-ATPase from S. cerevisiae with an experimentally determined
handedness. The structural detail of the map facilitates the un-
ambiguous fitting of atomic structures of relevant subunits and
allows a better understanding of the intermolecular contacts in
the holoenzyme. Without imposing symmetry at any point during
image analysis, the map captures the pseudohexagonal ar-
rangement of the large subunits in V1 more accurately than any
previous map of V-ATPases. V1 in our map is similar to image re-
constructions of isolated V1, which also show a pseudohexago-
nal arrangement (Radermacher et al., 2001; Zhang et al., 2003).
This indicates that no major restructuring of the A and B subunits
occurs in the context of the fully assembled V-ATPase, as sug-
gested earlier (Gregorini et al., 2007). Except for the handedness,
the appearance of the third stator and the second half of arm 3,
the gross features of the yeast V-ATPase map presented in this
work are similar to the map of N. crassa V-ATPase (Venzke et al.,
2005). However, in the current report, the more prominent nature8, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1793
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Topology of V-ATPase Stator Elementsof certain features (spikes, extensions, and protrusions) and the
preserved pseudosymmetries in the map, contribute to reveal for
the first time the high structural similarity of the three stator ele-
ments attached to the B subunits. The clear three-fold relation of
the spikes above the B subunits, which extends all the way down
to the V0 domain, confirms that all three stator elements are
equivalent. In addition, their positioning is supported by cyste-
ine-mediated cross-linking experiments that have localized sub-
unit E on the outer face of the B subunits (Arata et al., 2002)
where we observe stators1, 2 and 3 in our map. The tight inter-
action between E and G (Fe´thie`re et al., 2004, 2005; Jones
et al., 2005; Ohira et al., 2006) suggests that a dimer of both sub-
units forms the core of these stator elements. This is supported
by the SAXS-derived structures of EG and EGC that show an EG
subcomplex of sufficient length to account for a complete stator
element bridging the spikes at the top of V1 to the density in the
arm region, and by recent mass spectrometry data that confirms
that both subunits occur in three copies in the yeast V1-ATPase
(Kitagawa et al., 2008). Furthermore, the antibody labeling ex-
periment shows that subunit E contributes to each of the three
stator element. This, together with the reported 1:1 complex of
subunits E and G (Fe´thie`re et al., 2005), indicate that all three sta-
tors are formed by equivalent EG subcomplexes clarifying sev-
eral reported inaccuracies on the number and position of the
EG subcomplex in V-ATPases. However, because the term ‘‘sta-
tor’’ implies a static role, the absence of a membrane anchor for
immobilization of the EG subcomplex has prevented a solid con-
firmation of its role. To serve as a stator that prevents V1 corota-
tion during catalysis, the EG subcomplexes must be connected
directly or indirectly to subunit a, which is the only membrane-
fixed stator protein, and must simultaneously bind the V1 cata-
Figure 4. Ab Initio Low-Resolution Solution
Structure of the EG and EGC Subcomplexes
Computed from the SAXS Scattering Data
(A) The model of the EG subcomplex computed by
DAMMIN.
(B) The model of the EGC subcomplex depicting
subunit C generated by the multiphase modeling
procedure implemented in MONSA together with
the fitting of the high-resolution X-ray structures
of subunits C and E in the low-resolution SAXS
model of the EGC subcomplex.
(C) Fitting of the SAXS models of EG and EGC sub-
complexes in the EM-derived 3D model. The EG
subcomplex is depicted in red and subunit C in
green. The EM density of arm 3, which is assigned
to subunit C, is depicted as a yellow mesh.
lytic head. We are proposing that arm 1
observed in the reported EM map is
formed by the extrinsic N-terminal
domain of subunit a, and provides
a connecting surface for stators 1 and 2
consistent with an earlier image recon-
struction of the isolated V0 (Wilkens and
Forgac, 2001). The position of stator 1
close to subunit H and the N-terminal do-
main of subunit-a is also consistent with
different studies showing close proximity
of E to H and a (Lu et al., 2002; Xu et al., 1999; Landolt-Marticor-
ena et al., 2000), as well as with the isolation of an EGH subcom-
plex (Fe´thie`re et al., 2005). Stator 3 does not bind directly to
arm 1. Its membrane anchor is built from an indirect interaction
to arm 1 through arm 3 and stator 2. We attribute the arm-3 den-
sity to subunit C, which suggests a role for this subunit in connect-
ing the vertical stator elements 2 and 3 rather than forming a ver-
tical stator element on its own as previously proposed (Drory
et al., 2004). Positioning of subunit C parallel to the plane of the
membrane and contacting two EG subcomplexes is consistent
with its localization by antibody labeling and electron microscopy
(Wilkens et al., 2005) as well as with cysteine-mediated cross-
linking studies that revealed a close proximity of both the head
and foot domains of subunit C to subunit E and only the foot do-
main to subunit a (Inoue and Forgac, 2005).
The high-resolution structure of subunit H (Sagermann et al.,
2001) displays a volume that fits in the density of arm 2. However,
the relative orientation of its two different domains does indicate
that subunit H in the holocomplex adopts a more extended con-
formation than predicted from the crystal structure. A tentative
fitting was done with the flexible C-terminal domain pointing to-
ward stator 2 and the N-terminus in contact with stator 1. This lo-
cates the C-terminal domain of subunit H close to the central
stalk. Interestingly, if the crystal structure of subunit H is fitted
unaltered, the C-terminal domain contacts the central stalk,
which would be in agreement with its close proximity to subunit
F in isolated V1, and its concomitant role in silencing ATP-hydro-
lysis in free V1 (Jefferies and Forgac, 2008; Parra et al., 2000). In
addition, part of the N-terminal domain of subunit H is well ex-
posed and accessible from all sides for binding to other proteins,
which is consistent with its adaptor role (Geyer et al., 2002).1794 Structure 16, 1789–1798, December 10, 2008 ª2008 Elsevier Ltd All rights reserved
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Topology of V-ATPase Stator ElementsIn the case of subunit C, the high-resolution X-ray structure
(Drory et al., 2004) allows one to speculate on the nature of the
contacts between the latter and stators 2 and 3. Both ends of
subunit C, head and foot domains, have a structural motif akin
to an actin-binding motif. According to the fit of subunit C into
the arm-3 density, stators 2 and 3 would contact both of these
actin-binding motifs at opposite ends of subunit C. It is likely
that these two similar binding motifs in subunit-C contact equiv-
alent binding regions in EG. Based on mutagenesis studies on the
yeast protein (Jones et al., 2005), the N-terminus of subunit-E is
most likely the contact site. This is corroborated by the antibody
experiments and the agreement of the SAXS-derived shapes
with the X-ray structure of the C terminus of the archae subunit
E (Lokanath et al., 2007). Therefore, the consensus view of the
stator domain is that EG stators 1 and 2 have a direct link to
the membrane anchor subunit a (arm 1), whereas stator 3 is
only indirectly held to the whole stator subdomain by its associ-
ation with subunit C (arm 3). This has a direct relevance to the sta-
bility of the holoenzyme in the complex regulatory processes by
subunit disassembly. Indeed, the structures presented support
the concept that the integrity of the holocomplex is highly depen-
dent on the EGC association. By virtue of this indirect link to the
membrane anchor, stator 3 is more susceptible to dissociation.
The SAXS model of the EGC subcomplex was obtained from
the scattering data by two ab initio approaches: one determining
the shapes of the EG and EGC subcomplexes individually, and
another more advanced method using multiple scattering pat-
terns highlighting subunit C within EGC. A good agreement be-
tween the two procedures underlines the reliability of the SAXS
model of EGC in solution. In this model, the isolated EGC sub-
complex in solution adopts a more open conformation than in
the assembled V-ATPase. To fit into the EM map, subunit C in
the SAXS model requires a considerable twist to make it coin-
cide and superimpose on the density of arm 3 to contact the
neighboring stator and form the EG-C-EG stator. This also im-
plies that for reassembly, the conformation of EGC must transit
Figure 5. Pseudoatomic Structure and
Schematic Model of V-ATPase
(A) Pseudoatomic structure of the V-ATPase.
Crystal structures (pdb code, color): subunit A
(1vdz, dark blue) from P. hirokoshii; subunit B
(2c61, light blue) from M. mazei; subunit C (1u7l,
green) and subunit H (1h08, yellow) from S. cerevi-
siae; c-ring (2cyd, orange) from E. hirae and sub-
unit D (1r25, magenta). The SAXS structure of the
EG-dimer is shown as red spheres. For complete-
ness, the corresponding parts of the EM volumes
for subunit A (turquoise) and subunits D/F (light
pink) are shown.
(B) Schematic model of the V-ATPase in the same
color coding as the pseudoatomic structure in (A).
from a more open solution structure (as
depicted by the SAXS structure) to the al-
ternate conformation in the holocomplex.
The transition between these two con-
formers requires stabilization of the inter-
mediate states, which is likely provided
by previously indentified assembly fac-
tors such as RAVE (Smardon et al., 2002; Smardon and Kane,
2007) and aldolase (Lu et al., 2004).
In addition, the different conformations of EGC in solution and
in the complex offer a plausible explanation on how regulatory
disassembly of the V-ATPase might be initiated during nutrient
shortage. A cellular signaling event like phosphorylation (Voss
et al., 2007; Hong-Hermesdorf et al., 2006) could alter the stabil-
ity of an EGC subcomplex in different ways by affecting the
binding properties of EG and C. In some cases, this would trig-
ger dissociation of subunit C from the EG stator and its flipping
into its favorable relaxed conformation. Such conformational
change is likely to cause a reduction in the surface of interaction
with stator 2 similar to the reduced interface between EG and C
in the SAXS model of EGC. This reduced interaction further facil-
itates complete dissociation of subunit C from the V-ATPase as
observed during regulatory disassembly (Kane, 1995, 2000). Af-
ter dissociation of subunit C, stator 3 is no longer linked to V0
and therefore looses its static function. The remaining two sta-
tors, which still interact with the N-terminal part of subunit a,
are probably not sufficient to prevent corotation of V1 during
ATP hydrolysis. Consequently, further ATP hydrolysis leads to
disassembly of V1 and V0. For this model to fit a logical sequence
of events, it is important that the EG subcomplexes bind the
head and foot domains of subunit C with different affinities.
Analytical ultracentrifugation of the isolated EGC established
a 1:1:1 subcomplex as the major component (Fe´thie`re et al.,
2005). Based on our current results, we can conclude a posteriori
that the lack of a larger particle corresponding to a (EG)2C sub-
complex is a consequence of a lower-affinity binding site for the
second EG for subunit C. This supports our postulate that the in-
tegrity of this subcomplex is key to the complex regulatory pro-
cess of the V-ATPase.
This report has presented new structural evidence from
SAXS and EM data that lead to a revised model of the architec-
ture of the yeast V-ATPase (Figure 5). Based on the high sym-
metry of the peripheral connecting elements, the modelStructure 16, 1789–1798, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1795
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Topology of V-ATPase Stator Elementssupports the existence of three equivalent stators formed by
three recurrent copies of the EG subcomplex. The proposed
model confirms the position of subunit -H and assigns a con-
nector role to subunit C for two of the stator elements. In con-
trast to previously reported data positioning the N-terminal do-
main of subunit-a all the way to the top of V1, the current data
support its anchoring role for all stators of the V-ATPase by
placing it parallel to the plane of the membrane. The most sig-
nificant contribution of this work comes from the comparison of
the structures of the isolated EGC subcomplex in solution and
in the context of the holoenzyme, and suggests a conforma-
tional change of this subcomplex in the regulatory dissociation
process of the V-ATPase.
EXPERIMENTAL PROCEDURES
Cloning, Expression and Purification of the Yeast V-ATPase
Yeast strain SBY119 containing a recombinant HA-tagged V-ATPase was
used for preparing the intact V-ATPase used for the EM studies. Expression
was done at 30C and the cells were harvested at an OD600 of 1.0–1.4. After
cell lysis, membranes were isolated and solubilized in a mixture of digitonin
and Zwittergent 3-14. The solubilized material was purified on a hemagglutinin
(HA) affinity column and the purified material was eluted in a buffer containing
Digitonin and HA-peptide. Details of cloning, expression and purification pro-
cedures are given in the Supplemental Experimental Procedures.
Expression and Purification of Isolated Subcomplexes
EG and EGC subcomplexes of the yeast V-ATPase were sub-cloned in pET
vectors and expressed in BL21(DE3)-star cells as previously reported (Fe´thie`re
et al., 2004, 2005).
Electron Microscopy Analysis and Image Processing
Solubilized pure V-ATPase was stained with 2% uranyl acetate using the sand-
wich technique (Supplemental Experimental Procedures). Particles were im-
aged at room temperature on a Philips CM200 FEG electron microscope at
a magnification of 27,500X and a defocus of 0.6 – 1 mm, using a 2k 3 2k
CCD camera (TVIPS-GmbH). From 400 CCD images, 16,300 particles
were selected. Using the IMAGIC-5 software package (van Heel et al.,
1996), the particle images were band-pass filtered (low-frequency cut-off,
1/340 A˚1; high-frequency cut-off, 1/16 A˚1), normalized in their gray value dis-
tribution, mass-centered, and classified according to their similarities. Well-
defined class averages were aligned with respect to each other and used as
a set of new references in iterative multireference alignment followed by clas-
sification. To determine the angular relation of projections of the V-ATPase,
a method similar to the one described by Rubinstein et al. (2003) for the
F-ATPase was applied. Assuming that all selected projection averages were
side views of the V-ATPase, we could use the distance of the arm-2 feature
(see Results) from the rotational axis to determine the relative rotational angle
along the long axis. In addition, the organization of the extensions (see Results)
in the V1 domain was used to find the angular relation. Random conical tilt
(RCT) reconstruction was used to establish the absolute hand of the V-ATPase
(Supplemental Experimental Procedures). From the projections, three identical
extensions at the top of V1 were detected (Figure S7). An overlap of two of
these extensions results in the spikes visible in the class averages
(Figure 1C). Using both the length of arm 2 and the organization of the spikes
as orientation parameters, preliminary Euler angles were determined and an
initial 3D map was calculated. The final map was created with 6 rounds of pro-
jection matching in SPIDER (Frank et al., 1996).
SAXS Measurements and Analysis
The X-ray scattering data were collected at the BioCat beamline ID-18 of the
Advance Photon Source (APS) and at the X33 beamline of the EMBL (DESY,
Hamburg). The details of sample preparation are given in Supplemental Exper-
imental Procedures. For each construct, several solute concentrations in the
range 0.5–5.0 mg/ml were measured. The radiation damage was monitored
by repetitive exposures of the same protein solutions and no significant1796 Structure 16, 1789–1798, December 10, 2008 ª2008 Elsevier Lchanges were observed. For APS, the sample-detector distance was d = 2.8 m
and wavelength l = 1.0 A˚ using a CCD detector. At the EMBL, the data were
recorded using a MAR345 image plate at d = 2.7 m and l = 1.5 A˚. The range
of momentum transfer 0.01 < s < 0.5 A˚1 was covered (s = 4p sinq/l, where
2q is the scattering angle). The SAXS data for subunit C were collected as pre-
viously described (Armbru¨ster et al., 2004).
The scattering data were processed with the program PRIMUS (Konarev
et al., 2003) and the pair distributions functions were computed by GNOM
(Svergun, 1992). The program DAMMIN (Svergun, 1999) was used to generate
the low-resolution ab initio shapes of the EG and EGC constructs. The multi-
phase ab initio program MONSA (Petoukhov and Svergun, 2006) was used
to reconstruct the low-resolution structure of the EGC subcomplex depicting
the subunit C from simultaneous fitting of the EG, EGC and subunit C scatter-
ing data. A more detailed description of these procedures can be found in
Supplemental Experimental Procedures.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, eight
figures, and Supplemental References and can be found with this article online
at http://www.cell.com/structure/supplemental/S0969-2126(08)00381-X.
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